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Abstract
In quasi-1D pi-conjugated polymers such as trans-polyacetylene and polyenes, electron correla-
tion effects determine the “reversed” excited state ordering in which the lowest two-photon 2Ag
state lies below the lowest one-photon 1Bu state. In this work, we present conclusive theoretical ev-
idence of reversed excited state ordering in fairly 2D pi-conjugated systems, namely, diamond-shaped
graphene quantum dots (DQDs). Our electron correlated calculations show that DQDs begin to
exhibit reversed excited ordering with increasing size, in disagreement with independent-particle
picture. This signals the onset of strong correlation effects which renders them nonluminescent.
Further, we calculate and analyze the two-photon absorption (TPA) spectra as well as photoin-
duced absorption (PA) spectra of these systems and find excellent agreement with the available
experimental results. Our investigations demonstrate that unlike a strictly 1D system like trans-
polyacetylene, the non-linear and excited state absorptions in DQDs are highly intricate, with
several even parity states responsible for strong absorptions. Our results could play an important
role in the design of graphene-based non-linear optical devices.
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I. INTRODUCTION
The intricate role played by electron correlations in describing the photophysics of carbon-
based systems exhibiting sp2 hybridization has been an active area of research1,2. The
extensive focus of earlier experimental3,4 and theoretical studies5–8 was to determine the
influence of electron correlations on one-photon allowed optical states. However, as per
electric dipole selection rules in centrosymmetric systems, the optical states accessible by
one-photon excitations are distinct from those obtained by two-photon excitations. Existing
literature have provided exclusive evidence of the fact that one-photon allowed optical states
are chiefly due to excitations comprising of one electron and one hole, while two-electron two-
hole excitations can have a major contribution in the description of two-photon states9–11.
This signifies that the influence of electron correlation effects is more complicated in two-
photon allowed states, as compared to the one-photon allowed optical states. Earlier studies
on quasi-1D pi-electron material trans-polyacetylene, and its oligomers, polyenes, have shown
that the inclusion of electron correlation effects is responsible for the occurrence of the lowest
energy two-photon 2Ag state below the lowest energy one-photon 1Bu state, in contrast
to that expected within the one-electron Hückel and mean-field Hartree-Fock theories11,12.
However, such “reversed” excited state ordering as well as significant contribution of two-
electron two-hole excitations in the description of two-photon states is not expected in fairly
2D and 3D systems, as the strength of electron correlations decreases with increase in the
dimension of the system considered.
The study of non-linear optical properties of graphene and its fragments, in its own
right, forms an extremely important field of research, with a fairly large number of
experimental,13–24 and theoretical25–32 studies dedicated to the subject. An earlier study by
our group on polyaromatic hydrocarbons revealed that the strength of electron correlations
becomes dominant as the symmetry of molecules decreases from D6h to D2h point group.33
This has motivated us to consider graphene quantum dots possessing D2h point group. Our
previous investigation on fairly 2D systems, namely diamond-shaped graphene quantum
dots (DQDs), demonstrated that electron correlations are important in determining their
linear optical properties.7 In addition, an earlier study from Kaxiras and co-workers,34 and
from our own group,35 predicted that suitably aligned external electric field can induce
energy-level shifts of spin-ordered edge states, giving rise to phase transition between the
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well-defined magnetic states of DQDs. Given the profound influence of an external electric-
field on the electronic, magnetic, and linear optical properties of DQDs, it is but natural to
explore the nonlinear response of DQDs to incident optical radiation. This has motivated
us not just to compute the nonlinear optical spectra of these structures, but also to explore
the influence of electron correlations on them, which, to the best of our knowledge has not
been done till date.
In this work, we report a computational study of two-photon absorption spectra of DQDs,
which provides exclusive evidence of strong electron correlations resulting in the aforesaid
reversed excited state ordering. Like polyenes, DQDs are also centro-symmetric systems,
but with a higher point group symmetry D2h. Thus, its even parity states belonging to
irreducible representations (irreps) Ag and B1g are invisible in linear spectroscopy, which
can only detect its odd-parity excited states belonging to irreps B2u and B3u7. In order
to obtain a better understanding of the even parity states, and non-linear optical response
of DQDs, we compute their two-photon absorption (TPA), and photoinduced absorption
(PA) spectra, at the independent-particle (tight-binding), and configuration interaction (CI)
levels. The CI results demonstrate that the DQDs exhibit reversed excited state ordering
like polyenes, with increasing size, in complete disagreement with the independent-particle
predictions. This highlights the presence of strong electron correlations in the DQDs. For
the case of DQD-16 (DQD consisting of 16 carbon atoms), we compare its calculated TPA
and PA spectra with the experiments for its hydrogen passivated analog pyrene36, and obtain
excellent agreement. We also calculate and analyze the TPA and PA spectra of DQD-30
(DQD consisting of 30 carbon atoms), and PA spectrum of DQD-48 (DQD consisting of
48 carbon atoms), for which, at present, no experimental or theoretical results exist. Our
studies reveal that, due to structural anisotropy, the nonlinear optical response of DQDs is
much more complicated as compared to that of 1D systems. A further extension of this work
will be to analyze the implication of electron correlation effects in extended 2D carbon-based
system in the thermodynamic limit, i.e., graphene. According to the Hückel tight-binding
pi-electron theory, 2D graphene is a semimetal. However, several studies37 have proposed
that the inclusion of electron-electron interactions is reponsible for considerable modification
of graphene’s linear spectrum leading to an opening of energy gap, in contrast to the results
obtained from the single-particle theory.
The organization of the rest of this paper is as follows. A brief description of the com-
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putational methodology is presented in Sect. II, followed by results and discussion in Sect.
III. Finally, the conclusions are given in Sect. IV.
II. COMPUTATIONAL METHODOLOGY
The geometric configurations of different DQDs considered in this work are given in fig.1.
The DQDs are assumed to lie in the xy plane, with the y-axis along the longer diagonal, and
the x-axis along the shorter one. We have chosen uniform carbon-carbon bond lengths of
1.40 Å, and bond angles of 120°, so that each DQD hasD2h symmetry. The symmetries of the
relevant one-photon and two-photon excited states are B2u, B3u and Ag, B1g, respectively,
as predicted by the electric-dipole selection rules.
For performing computations, we employed Pariser-Parr-Pople (PPP) model Hamiltonian38,39
H=−∑<i,j>,σ t0 (c†iσcjσ + c†jσciσ)+U∑i ni↑ni↓
+
∑
i<j Vij(ni − 1)(nj − 1), (1)
where c†iσ(ciσ) creates (annihilates) an electron of spin σ, in the pz orbital located on the
i-th carbon atom, while ni =
∑
σ c
†
iσciσ denotes the total number of electrons on the atom.
The first term in Eq. 1 denotes the hopping between i-th and j-th atoms which are nearest
neighbors, with t0 = 2.4 eV, for the nearest neighbor distance 1.40 Å. The second and the
third terms in Eq. 1 represent the electron repulsion, with parameters U , and Vij, denoting
the on-site, and the long-range Coulomb interactions, respectively. The distance-dependence
of Vij is assumed as per Ohno relationship40, modified to include the screening effects41
Vij = U/κi,j(1 + 0.6117R
2
i,j)
1/2, (2)
where κi,j is the dielectric constant of the system, included to take into account the
screening effects, and Ri,j is the distance (in Å) between the ith and jth carbon atoms.
In the present set of calculations we have used the “screened parameters” of Chandross and
Mazumdar41 with U = 8.0 eV, κi,j = 2.0(i 6= j), and κi,i = 1.0. We have used these Coulomb
parameters, coupled with the hopping value t0 = 2.4 eV, extensively in the past for conju-
gated polymers6,42–47, polyaromatic hydrocarbons33,48, and graphene quantum dots7,35. In
case of a charge-neutral DQD consisting of N carbon atoms (DQD-N , with N always even),
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each carbon atom contributes one pi electron, and the pz orbital of each of the carbon atom
is part of the basis set. Thus, for each DQD-N treated within the PPP model, we have N
basis functions, and N electrons, making it a half-filled system. Our calculations are initi-
ated at the restricted Hartree-Fock (RHF) level using a code developed in our group49. The
mean-field approximation at the RHF level results in N/2 doubly-occupied orbitals filled
in accordance with the aufbau principle, and N/2 unoccupied molecular orbitals (MOs).
Pictorial representations of few of the frontier molecular orbitals contributing significantly
to the non-linear properties for DQD-16, DQD-30 and DQD-48 and the Hartree-Fock wave-
function are given in Figs. S1–S4 of the Supporting Information50. Thereafter, the PPP
Hamiltonian is transformed from the site representation to the MO representation, and used
to perform configuration interaction (CI) calculations to include electron-correlation effects.
The electron-correlations at the CI level are incorporated by considering virtual excitations
from the occupied to unoccupied orbitals (see Fig. S5 of Supporting Information50, for a pic-
torial representation), leading to configuration mixing. The CI calculations are performed at
the quadruple configuration interaction (QCI), or the multi-reference singles-doubles config-
uration interaction (MRSDCI), level depending on the size of the system. The QCI method
was employed for the Ag and the B2u states of DQD-16, while the MRSDCI approach was
adopted for the B3u and the B1g symmetries of DQD-16. Further, the MRSDCI method-
ology was considered for optimizing all the symmetries of the larger systems DQD-30 and
-48. The increase in the number of molecular orbitals, with increase in the size of DQD,
leads to an enormous increase in the dimension of the CI matrix. Hence, the frozen orbital
approximation was implemented for DQD-48, in order to make the computations feasible.
According to this approximation, the lowest two occupied orbitals were frozen and highest
two virtual orbitals were deleted so as to retain the particle-hole symmetry7. The many-
particle wave functions thus obtained are used to compute the transition electric dipole
moments between various states, which in turn are employed to calculate their TPA or PA
spectra. In particular, the TPA spectrum is computed as the imaginary part of the third-
order non-linear susceptibility χ(3)ijkl(ω, ω, ω,−ω) (i, j, k, and l denote Cartesian directions)
using the sum-over-states (SOS) formula of Orr and Ward51. Henceforth, we adopt the
shorthand notation TPAijkl = Im(χ
(3)
ijkl(ω, ω, ω,−ω)), and in this work we present results
on TPAxxxx, TPAyyyy, and TPAxyxy, for DQD-16, and DQD-30. This PPP-CI computa-
tional methodology has been extensively utilized in our earlier works on optical properties
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of pi-conjugated systems6,7,42–47, including their TPA spectra33,52.
The states with Ag symmetry give rise to two-photon resonances in the TPAxxxx and
TPAyyyy spectra for these DQDs. Similarly, the two-photon resonances in the TPAxyxy
spectrum corresponds to states having B1g symmetry. In addition, the PA spectrum with
respect to the first optically excited 1B2u state has been computed for DQD-48, for which
CI level TPA calculations were too time consuming. The PA spectrum for DQD-16 and
DQD-30 has also been computed. It is observed that the salient features of the non-linear
optical properties obtained from the PA spectrum for DQD-16 and DQD-30 are qualitatively
in excellent agreement with those derived from their TPA spectra, validating our approach
for the prediction of the non-linear characteristics of DQD-48 from its PA spectrum.
III. RESULTS AND DISCUSSION
In this section, we discuss the excited state ordering in the DQDs, and compare it with
that observed in the polyenes. Furthermore, striking characteristics of PA, as well as TPA,
spectra for the DQDs of different sizes are analyzed based upon the Hückel (tight-binding),
and the CI level calculations.
A. Excited State Ordering
For comparison with polyenes, we will refer to the one/two-photon states of DQDs gener-
ically as Bu / Ag - type states. For accurate determination of excited state ordering in
DQDs, large-scale CI calculations were performed for the first two lowest energy two-photon
states (1Ag ground state and 2Ag), and first one-photon (1Bu) state. The dimensions of CI
matrices considered for the computation of excited state ordering are given in the table S1
of the Supporting Information50.
Table I presents the computed excitation energies of the 2Ag and 1Bu states of DQD-
16, DQD-30 and DQD-48, respectively, at the Hückel (tight-binding), and CI levels. The
computed energies of the 2Ag and 1Bu states at the full configuration interaction (FCI) level
of 1-D n-polyene (n = 4, 6 and 8 carbon atoms equal to the number of carbon atoms along
the longer diagonal of DQD-16, DQD-30 and DQD-48, respectively) are also given in table
I, for a qualitative comparison of the nature of excited state ordering between 1-D and 2-D
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(a) DQD-16 (b) DQD-30 (c) DQD-48
Figure 1: Geometric configuration of DQDs considered in this work: (a) DQD-16 (b)
DQD-30 (c) DQD-48.
systems. In addition, theoretical values of the energies of 1Bu state obtained by the hybrid
Hartree-Fock/density functional theory B3LYP method by Yumura et al.53 are also reported
for comparison with our results. Figure 2 represents the energies of 1Bu and 2Ag states of
DQD-16, DQD-30 and DQD-48, respectively, at the Hückel and CI level.
The computed CI energies of 1Bu state of DQD-16 and DQD-30 at 3.60 eV and 2.45 eV,
respectively, are in excellent agreement with the earlier experimental values of 3.69 eV54 and
2.55 eV55 for pyrene and dibenzo[bc,kl]coronene (hydrogen passivated counterpart of DQD-
30), respectively, marking the high precision of our calculated results. The accuracy of the
results obtained by the B3LYP method53 is more than that obtained at the Hückel level,
but less than those obtained at the CI level. Because of the alternant nature of the systems
considered (DQDs and polyenes), Hückel model always predicts 1Bu state to be below 2Ag.
However, it is observed that in case of 1-D polyenes, PPP-CI calculations correctly capture
the expected reversed excited state ordering with the 2Ag state below 1Bu. By contrast,
the PPP-CI calculations for DQD-16 predict that the 2Ag state lies very slightly above
the 1Bu state, while for DQD-30 it is almost degenerate with the 1Bu state. However, for
DQD-48, the 2Ag state is lowered significantly below the 1Bu state. Thus, we note that,
at the CI level, reversed excited state ordering is realized, with increasing size of DQDs, in
complete contradiction with the Hückel model results. Furthermore, the wave function of
the 2Ag states of DQD-16, DQD-30 and DQD-48, are dominated by the double excitation
|H → L;H → L〉, whereH and L represent the highest occupied molecular orbital (HOMO),
and the lowest unoccupied molecular orbital (LUMO), respectively. Both these facts clearly
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DQD 1Bu state (eV) 2Ag state (eV)
Hückel/B3LYP Theory53 (Ref.53) Hückel
DQD-16 2.14/∼ 3.8 4.06
DQD-30 0.89/ ∼ 2.1 1.78
DQD-48 0.34/ ∼ 1.1 0.68
1Bu state (eV) 2Ag state (eV)
PPP-CI PPP-CI
DQD-16 3.60 3.68
DQD-30 2.45 2.44
DQD-48 1.96 1.71
4-polyene 6.08 4.83
6-polyene 5.02 3.90
8-polyene 4.43 3.32
Table I: Computed energies of 1Bu and 2Ag states of DQD-16, DQD-30 and DQD-48,
respectively, at the Hückel and the CI levels. The computed energies of these states for
4-polyene, 6-polyene and 8-polyene are also given at the CI level. Theoretical values of the
energies of 1Bu state obtained by Yumura et al.,53using the density functional theory
(B3LYP approach), are also reported for comparison.
indicate the presence of strong electron correlations in DQDs.
A plausible qualitative explanation of the lowering of 2Ag state below 1Bu, with increasing
size of DQDs is as follows. DQD-16 has a 2D character with almost equal size in x and y
directions resulting in relatively weaker correlation effects, rendering 1Bu below 2Ag. But
with increasing size, DQDs approach a more 1D character with their size along the y direction
becoming larger compared to x direction, leading to stronger correlation effects, and hence,
a polyene like excited state ordering with the 2Ag state below 1Bu.
B. Nonlinear Optical Properties
In this section, we discuss the computed PA and TPA spectra of DQDs. As per SOS
formulas for PA and TPA spectra,51 the widths of the intense peaks are dependent on the line-
8
Energy (eV) 
1Bu 
2.14 
4.06 
2Ag 
DQD-16 (Hückel Level) 
1Bu 
2Ag 
3.60 
3.68 
DQD-16 (CI Level) 
Energy (eV) 
1Bu 
0.89 
1.78 
2Ag 
DQD-30 (Hückel Level) 
1Bu 
2Ag 
2.44 
2.45 
DQD-30 (CI Level) 
Energy (eV) 
1Bu 0.34 
0.68 
2Ag 
DQD-48 (Hückel Level) 
1Bu 
2Ag 
1.71 
1.96 
DQD-48 (CI Level) 
Figure 2: Schematic diagram representing the energies of 1Bu and 2Ag states of DQD-16,
DQD-30 and DQD-48, respectively, at the Hückel and the CI levels.
widths of various states, which in turn depend upon carrier-lifetime, temperature, impurities
etc. The heights of different peaks, on the other hand, are determined by the strengths of
transition dipole operator between various states of the system, as well as the magnitude
of the energy difference term in the denominator close to resonance. For computing the
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photoinduced absorption and two-photon absorption spectra, the maximum energy limit of
the excited states was restricted to 10 eV for CI calculations. The dimensions of CI matrices
of Ag, B1g, B2u and B3u symmetries considered for the computation of TPA and PA spectra
of DQD-16, DQD-30 and DQD-48 are given in the table S2 of the Supporting Information50.
For the purpose of validating our CI (MRSDCI and QCI) approach, we compare the
calculated energies of even parity states giving rise to peaks in the computed TPA and PA
spectra of DQD-16, with the earlier experimental results of its hydrogen-saturated counter-
part pyrene36 in Table II. The dominant wave-functions of the excited states contributing to
these peaks are also given in the table. It is observed that our computed energies of the two-
photon peaks of DQD-16 are in excellent quantitative agreement with the experimental data
for pyrene for a number of two-photon states. The Ag peaks contributing to the TPAxxxx
component are not observed in the experiment, as their intensities are much less as com-
pared to the TPAyyyy component. The computed Ag state with energy 6.98 eV, giving rise
to a two-photon peak at 3.49 eV, is the most intense peak in the TPAyyyy spectrum (fig. 6).
Wave function of this state is dominated by double excitations |H−1→ L;H−1→ L〉+c.c.
where the abbreviation “c.c.” represents coefficient of charge conjugate of a given singly ex-
cited configuration while the sign (+/−) preceding “c.c.” implies that the two coefficients
have (same/opposite) signs. This state is also responsible for the second most intense peak
(IXy) in the computed PA spectrum (fig. 4). The computed Ag state with energy 9.04 eV
gives rise to an intense peak in the PA spectrum. However, it does not contribute to the TPA
spectrum. Hence, the energetic ordering as well as symmetry assignment of our computed
peaks are in perfect agreement with the experimental data, demonstrating the extremely
high precision of our correlated electron approach. Thus, it lends credibility to our TPA/PA
calculations on DQD-30 and DQD-48, for which we could not find any experimental data.
In addition, it is observed that both the TPA and PA spectroscopies are efficient methods
for detecting the two-photon states of this system.
1. Photoinduced Absorption
The schematic diagram describing the concept of photoinduced absorption (PA) is shown
in Fig. 3 . The system initially absorbs y-polarized photons from a pump laser, and gets
excited from the 11Ag ground state to the first excited 11B2u state. Thereafter, from a probe
10
Peak CI Results/ Dominant Configurations
Experiment36
(eV)
Ag 6.98/6.93 |H − 1→ L;H − 1→ L〉+c.c.(0.3367)
|H → L;H − 1→ L+ 1〉(0.2960)
B1g 8.30/8.23 |H − 6→ L+ 3〉+c.c.(0.2486)
|H − 7→ L〉+c.c.(0.1678)
B1g 8.54/8.57 |H → L+ 2;H − 3→ L〉 c.c.(0.2619)
|H − 4→ L;H − 1→ L+ 2〉 c.c.(0.2559)
Ag 9.04/9.08 |H − 3→ L+ 4;H → L+ 1〉−c.c.(0.2192)
|H − 5→ L;H → L〉+c.c.(0.1885)
Ag 9.26/9.22 |H → L;H − 4→ L+ 2〉 −c.c.(0.2015)
|H − 1→ L+ 1;H − 1→ L+ 1〉(0.1639)
Table II: Comparison of the calculated excitation energies (in eV) of the even-parity
excited states of DQD-16, contributing to peaks in its TPA and PA spectra, with the
experimental data for pyrene36. Note that the two-photon resonances in the absorption
spectra are located at half the excitation energies. The calculations were performed at the
CI level (see text for details), and the dominant configurations contributing to the
many-particle wave functions of these states are also presented.
laser, it absorbs another photon polarized either in x or y directions to make a transition from
the 11B2u state to higher energy m1B1g or k1Ag excited states, respectively. The spectrum
corresponding to the probe absorption is measured, and is called the PA spectrum. Thus,
the peak locations in PA spectrum correspond to the excitation energies of the even-parity
states, measured with respect to the 11B2u state. Hence, using oriented samples of DQDs,
one can determine the symmetries of these even parity states, based upon the polarization
of the absorbed probe photons.
In Fig. 4, we present the computed PA spectrum with respect to the first optically
excited 1B2u state for DQD-16, DQD-30 and DQD-48, respectively. Detailed quantitative
information about various excited states contributing to their PA spectra is presented in
the tables S9-S11 of the Supporting Information50. Next, we summarize the important
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k1Ag 
m1B1g 
x-polarized                  y-polarized 
11B2u 
y-polarized  
11Ag 
Figure 3: Schematic diagram describing the process of photoinduced absorption, along
with the states involved in it. An arrow between two states denotes optical transition, with
the polarization direction of the absorbed photon indicated next to it.
features of the PA spectra of the DQDs, computed at the CI level: (i) with the increasing
size of the DQDs, the PA spectrum gets red-shifted, (ii) the 2Ag state is not observed in
the PA spectra of DQD-16, DQD-30 and DQD-48 due to its weak dipole coupling to the
1B2u state, and also because of its proximity to it, (iii) there are several high intensity peaks
contributing to the PA spectra. For DQD-16, peaks IIIx&y, V IIy, V IIIx, IXy and Xx make
intense contribution to its PA spectrum. Of these, the most intense peak is IIIx&y which
corresponds to almost degenerate higher energy even parity states, 4Ag and 4B1g, having
excitation energies 5.06 and 5.07 eV, respectively. The double excitation |H → L;H → L〉,
and the single excitations |H − 1 → L + 3〉 − c.c make dominant contributions to the
many-body wave functions of these states. In case of DQD-30, the peaks IIIy, IVy, Vy and
V IIIx&y are quite intense, with the Vy peak carrying the maximum intensity. This peak
corresponds to the 10Ag state, with the excitation energy 4.81 eV, and the double excitation
|H − 1 → L + 1;H → L〉 contributing mainly to its wave function. Similarly, for DQD-48,
there are several peaks, namely, IIy, IIIy, V IIy, and V IIIy with strong intensity. Of these,
the most intense peak is V IIy, corresponding to the 16Ag state with excitation energy 4.19
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Figure 4: Computed photoinduced absorption spectrum of DQD-16, DQD-30 and DQD-48
with respect to the 1B2u state. The subscripts on the peak labels indicate the polarization
direction of the absorbed photon.
eV, and single excitations |H → L+ 8〉 − c.c. contributing dominantly to its wave function.
Hence, it is observed that several states of Ag and B1g symmetries, having energies much
greater than the 2Ag state, give rise to strong resonances in the PA spectra of these DQDs.
It is to be noted that most of the peaks become y-polarized with increase in size of DQD.
This is because greater system size in the y direction for larger DQDs leads to increased
dominance of y components of the transition dipole matrix elements, over x components.
With the increasing size of the DQDs, the PA spectrum overall becomes more intense, due
to the larger number of pi-electrons in the system. Also noteworthy is that doubly-excited
configurations make large contributions to the wave functions of the excited states giving
rise to the peaks in the PA spectra, signifying the importance of electron-correlation effects
in the description of even-parity states.
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Figure 5: Computed TPAxxxx and TPAyyyy spectra of DQD-16, DQD-30 and DQD-48, at
the Hückel level.
2. Two-photon absorption
Fig. 5 represents the two-photon absorption spectra TPAxxxx and TPAyyyy of DQD-16,
DQD-30, and DQD-48 at the one-electron (Hückel model) level. The following salient fea-
tures are observed in the TPA spectra: (i) The TPA spectrum is red-shifted with increasing
size of DQDs, analogous to the behavior exhibited by the PA spectrum, (ii) the TPAxxxx
component of the spectrum is significantly different as compared to the TPAyyyy component,
both qualitatively, and quantitatively, (iii) the resonant intensities of the TPAyyyy compo-
nent are much larger compared to those of the TPAxxxx component. The reason behind
this is that y components of the transition dipole matrix elements are much larger than x
components, because of the larger system size in the y direction, (iv) resonant absorption
in TPAyyyy occurs at lower energies as compared to the TPAxxxx spectrum. The lowest en-
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ergy two-photon peak corresponding to the 2Ag state occurs in the TPAyyyy spectrum. For
DQD-16, the 2Ag peak is due to degenerate single excitations |H → L+3〉 and |H−3→ L〉,
while in case of DQD-30 and DQD-48, it corresponds to double excitation |H → L;H → L〉,
(v) the 2Ag peak has the highest intensity for DQD-16, and DQD-48, while the most intense
peak for DQD-30, in the TPAyyyy component, corresponds to an mAg state (a unique state
having a strong dipole coupling with 1Bu state) located higher than the 2Ag state. The
mAg peak of DQD-30 is due to degenerate single excitations |H → L+3〉 and |H− 3→ L〉,
and (vi) the higher energy peaks in the TPAxxxx component become more intense, with
increasing size of DQD.
Now, we present the energies obtained by incorporating electron correlation effects at
single configuration interaction (SCI) level with the experimental data for pyrene in Table
III. In SCI approach, only one-electron one-hole, i.e., singly-excited configurations with
respect to the closed-shell RHF wave function are included. The dominant configurations
contributing to the SCI wave functions of important states are given in Table III, and it
is observed that the energies obtained from single excitations are in reasonable agreement
with the experimental data. However, we note that we obtained much better agreement with
the experiments when two-electron two-hole doubly-excited configurations were included at
the MRSDCI, and the QCI level (Table. II) for DQD-16. Futhermore, as the electron
correlation effects are getting stronger with the increasing sizes of the DQDs, as is evident
from the relative 2Ag − 1Bu ordering, the SCI method will become progressively worse for
these systems as far as the description of two-photon states is concerned. This implies that
the two-electron two-hole excitations are essential for quantitatively accurate description of
two-photon states.
Next, in fig. 6 we present the two-photon absorptions TPAxxxx, TPAyyyy and TPAxyxy
of DQD-16 and DQD-30, respectively, which include the electron-correlation effects at the
MRSDCI level. The detailed quantitative information of the various excited states con-
tributing to the TPA spectra of DQD-16 and DQD-30 are listed in the tables S3-S8 of
the Supporting Information50. Next, we summarize the important features of the TPA/PA
spectra of the DQDs, computed at the CI level.
(i) With increasing size of DQDs, the TPA spectrum gets red-shifted, in agreement to
the predictions of independent electron level, indicative of band formation. Similarly, the
intensity and energy profiles of the peaks are significantly different for TPAxxxx, TPAyyyy
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Peak SCI Results/ Dominant Configurations
Experiment36
(eV)
Ag 6.46/6.93 |H − 1→ L+ 4〉+c.c.(0.6995)
B1g 8.02/8.23 |H − 7→ L〉+c.c.(0.5698)
B1g 8.76/8.57 |H − 5→ L+ 4〉− c.c.(0.5738)
|H − 3→ L+ 6〉 +c.c.(0.4034)
Ag 9.01/9.08 |H − 1→ L+ 7〉+c.c.(0.6438)
Ag 9.60/9.22 |H − 6→ L+ 4〉 −c.c.(0.6347)
Table III: Comparison of the calculated excitation energies (in eV) of the even-parity
excited states of DQD-16, contributing to peaks in its TPA spectra, with the experimental
data for pyrene36. Note that the two-photon resonances in the absorption spectra are
located at half the excitation energies. The calculations were performed at the SCI level,
and the dominant configurations contributing to the one electron-hole excitations are also
presented.
and TPAxyxy components, due to the fact that different intermediate states contribute to
these spectra, (ii) in disagreement with Hückel model results, for DQD-16, the contribution
of 2Ag state to non-linear susceptibilities is insignificant due to its weak dipole coupling
to the Bu state. This is in complete accordance with the PA results discussed earlier.
For DQD-30, the 2Ag state contributes a very weak peak in the TPAyyyy component of
the spectrum, but higher energy Ag states have more intensity. Furthermore, the wave
function of the 2Ag states are mainly dominated by the double excitation |H → L;H → L〉,
(iii) the most intense two-photon peaks for DQD-16 and DQD-30 appear in the TPAxyxy
component, and correspond to higher energy even parity states with excitation energies 7.38
eV and 4.86 eV, respectively. These states have B1g symmetry, and the double excitations
|H → L + 3;H → L + 2〉 − c.c. and single excitation |H − 3 → L + 2〉 + c.c. contribute
mainly to their many-body wave functions.
Several years back Dixit et al.,11 in the context of trans-polyacetylene, had argued that
the maximum two-photon intensity is not because of the 2Ag state, but due to a higher
energy even parity state, which they named mAg, and which has a strong dipole coupling
16
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Figure 6: Calculated MRSDCI level TPAxxxx, TPAyyyy and TPAxyxy spectra of DQD-16
and DQD-30.
with the 1Bu state. Therefore, such a state will give rise to intense peaks both in TPA as
well as in 1Bu PA spectra of the system. For other polymers, with more complex structures
due to side groups, several states were shown to satisfy mAg-like properties,44,52,56. In case
of DQDs, different TPA components (depending on the selection rules) have either Ag or
B1g type two-photon peaks having high intensity, a consequence of their more 2D structure.
In order to examine the presence of such generically called mAg states in DQDs, we do a
detailed comparison of their TPA and PA spectra. In case of DQD-16, the states 4Ag, 5Ag,
8Ag, 9Ag, 10B1g, 13Ag, 13B1g, 24Ag and 38Ag give rise to intense peaks in PA as well TPA
spectra. In particular, the most intense peak in the TPA spectrum is due to 13B1g state
which also contributes to the strong peakXx peak in the PA spectrum. In addition, the 13Ag
state is not only responsible for the most intense peak in the TPAyyyy spectrum, but also
gives rise to the second most intense IXy peak in the PA spectrum. Similarly, the 24Ag state
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contributes to the highest intensity peak along TPAxxxx component, and the strong XIIIy
peak in the PA spectra. For DQD-30, the states 3Ag, 4Ag, 5Ag, 8Ag, 10Ag, 12B1g, 19Ag,
28Ag, 34Ag, 36Ag and 34B1g lead to strong peaks both in the PA, and the TPA spectra.
The 10Ag state is responsible for the most intense peak Vy in the PA spectrum, and the fifth
strong peak in the TPAxxxx component. Hence, our studies demonstrate that there are many
states responsible for strong peaks in the TPA and PA spectra, confirming the existence of
several mAg states in DQDs. In addition, our investigations reveal that unlike a strictly
1D system like trans-polyacetylene, the two-photon and photoinduced absorptions in DQDs
lead to enhanced nonlinear optical response, with several even parity states contributing
to strong absorptions. Based upon the preceding observations for DQD-16 and DQD-30,
one can say with confidence that in case of DQD-48 also, the peaks contributing to the PA
spectra will also contribute to various components of its TPA spectrum. This shows that
TPA and PA spectroscopies are both efficient approaches for probing the two-photon states
of these systems.
IV. CONCLUSIONS
In conclusion, our large scale correlated computations employing the PPP Hamiltonian
have demonstrated the dominant influence of electron correlation and finite-size effects on
the non-linear optical properties of DQDs. Our investigations indicate that the presence
of strong electron correlation effects, incorporated within configuration interaction (CI)
method, gives rise to reversed excited state ordering in fairly 2D diamond-shaped graphene
quantum dots, in contradiction to the results obtained by non-interacting single particle
theories. In addition, the role played by electron correlation becomes more conspicuous
with increasing size of DQD. However, unlike a strictly 1D system like trans-polyacetylene,
the non-linear and excited state absorptions in DQDs lead to richer optical properties, with
several even parity states contributing to strong absorptions. Therefore, our investigation
reveals that both TPA and PA spectroscopies can be utilized to probe the two-photon states
of these systems, which are invisible in the linear absorption. We hope that these results
will lead to experimental investigations of these systems, paving the way to rational design
of graphene-based nonlinear optical devices.
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1. Pìctorial representation of frontier orbitals
In this section, the pictorial plots of the frontier molecular orbitals H, H-1,
H-2, H-3 and H-4 contributing significantly to the non-linear optical properties
of DQD-16, DQD-30 and DQD-48 are presented in Figs. S1, S2, and S3, respec-
tively. The expansion coefficients of virtual molecular orbitals L, L+1, L+2,
L+3 and L+4 have the same magnitudes (although different relative phases)
as those of H, H-1, H-2, H-3 and H-4, respectively, on account of electron-hole
symmetry, and hence have not been plotted. The symbols H and L represent
the highest occupied molecular orbital (HOMO), and the lowest unoccupied
molecular orbital (LUMO), respectively.
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(a) H (b) H-1 (c) H-2 (d) H-3 (e) H-4
Figure 1: Pictorial representation of the frontier molecular orbitals contributing significantly
to the non-linear optical properties of DQD-16. The size of a bubble is proportional to the
magnitude of the expansion coefficient at that site (carbon atom), while red/blue colors imply
opposite signs of the coefficients. The symbol H represents the highest occupied molecular
orbital (HOMO).
(a) H (b) H-1 (c) H-2 (d) H-3 (e) H-4
Figure 2: Pictorial representation of the frontier molecular orbitals contributing significantly
to the non-linear optical properties of DQD-30. The size of a bubble is proportional to the
magnitude of the expansion coefficient at that site (carbon atom), while red/blue colors imply
opposite signs of the coefficients. The symbol H represents the highest occupied molecular
orbital (HOMO).
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(a) H (b) H-1 (c) H-2 (d) H-3 (e) H-4
Figure 3: Pictorial representation of the frontier molecular orbitals contributing significantly
to the non-linear optical properties of DQD-48. The size of a bubble is proportional to the
magnitude of the expansion coefficient at that site (carbon atom), while red/blue colors imply
opposite signs of the coefficients. The symbol H represents the highest occupied molecular
orbital (HOMO).
In addition, pictorial representation of a closed-shell restricted Hartree-Fock
wave-function for a general system is presented in Fig. S4. The mean-field ap-
proximation at the the restricted Hartree-Fock (RHF) level for a DQD consisting
of N carbon atoms (DQD-N), results in N/2 doubly occupied, and N/2 unoccu-
pied (virtual) molecular orbitals (MOs). A similar graphical representation of
configurations contributing to the calculated wave functions, which incorporate
electron correlations effects at the CI level, is given in Fig. S5. The symbols
H and L represent the highest occupied molecular orbital (HOMO), and the
lowest unoccupied molecular orbital (LUMO), respectively. The configurations
included in the wave function are interpreted as single-, double-,..., virtual ex-
citations with respect to the restricted Hartree-Fock wave function, and are
denoted using arrows from the occupied to unoccupied (virtual) orbitals.
3
Virtual 
orbitals 
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orbitals 
Fermi 
Level 
Figure 4: A pictorial representation of the restricted Hartree-Fock wave function of a gen-
eral molecule, consisting of a few doubly-occupied (filled), and unoccupied (virtual) orbitals.
Above, symbol H (L) indicates HOMO (LUMO), while H-n (L+n) denotes n-th orbital below
(above) HOMO (LUMO), as shown in the figure.
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Figure 5: A graphical representation of typical singly- and doubly-excited configurations con-
tributing to the CI wave function of a state (ground or excited) of a molecule: (a) a singly
excited configuration obtained by promoting one electron from the HOMO to the LUMO, de-
noted as |H → L〉 and (b) a doubly-excited configuration obtained by promoting one electron
from HOMO to LUMO, and another one from HOMO-1 to the LUMO+2 orbital, and denoted
as |H → L;H − 1 → L + 2〉. The symbols H and L represent the HOMO, and the LUMO,
respectively. The arrows represent virtual excitations from the occupied to virtual orbitals.
In reality, the configurations are composed of properly anti-symmetrized Slater determinants.
2. Dimensions of CI matrices
In this section, we present the dimensions of the CI matrices employed for the
computation of excited state ordering and two-photon absorption spectrum of
DQD-16, DQD-30 and DQD-48. For excited state ordering calculation, the first
two lowest energy two-photon states (1Ag and 2Ag) and first one-photon (1B2u)
state was optimized at the quadratic configuration interaction (QCI) level for
DQD-16, while multi-reference singles-doubles configuration interaction ( MRS-
DCI) methodology was adopted for DQD-30 and DQD-48. The dimensions of
the resultant CI matrices for Ag and B2u symmetries for DQD-16, DQD-30 and
DQD-48 are given in Table S1.
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Table S1: Dimensions of the CI matrices for Ag and B2u symmetries for excited
state ordering computation for DQD-16, DQD-30 and DQD-48.
System Dimension of CI matrix
Ag B2u
DQD-16 73857 126279
DQD-30 2896621 2737260
DQD-48 17903219 12424745
For computing the two-photon absorption (TPA) and photoinduced absorp-
tion (PA) spectra, the maximum energy limit of the excited states was restricted
to 10 eV for CI calculations. The QCI method was used for the Ag and the B2u
states of DQD-16. The MRSDCI approach was adopted for the B3u and the B1g
symmetries of DQD-16. Further, the MRSDCI methodology was considered for
optimizing all the symmetries of DQD-30 and DQD-48. The dimensions of CI
matrices of Ag, B1g, B2u and B3u symmetries considered for the computation
of TPA spectra of DQD-16 and DQD-30 are given in the table S2. In case of
the computation of PA spectra of DQD-16, DQD-30 and DQD-48, the size of
the CI matrix for computing the first optically excited 1B2u state is also given
in the table.
Table S2: Dimensions of CI matrices of Ag, B1g, B2u and B3u symmetries for
the computation of TPA and PA spectra of DQD-16, DQD-30 and DQD-48.
Symmetry Dimension of CI matrix
DQD-16 DQD-30 DQD-48
Ag 73857 2274042 10252792
B1g 153690 1803596 10337444
B2u 126279 1564554 —
B3u 127304 1359014 —
1B2u 126279 152637 702796
3. Computed energies and wave functions of the excited states con-
tributing to the non- linear absorption spectra
In this section, the dominant wave-function and energies of different excited
states contributing to TPAxxxx, TPAyyyy and TPAxyxy components of the two
photon absorption spectrum for DQD-16 and DQD-30 are listed in tables S3,
S4, S5, S6, S7 and S8. The calculations have been done at the QCI level for Ag
and B2u symmetry states, and MRSDCI level for B1g and B3u states for DQD-
16. However, for DQD-30 and DQD-48, the calculations for all symmetries have
been done at the MRSDCI level. The abbreviation “c.c.” represents coefficient
6
of charge conjugate of a given singly excited configuration while the sign (+/−)
preceding “c.c.” implies that the two coefficients have (same/opposite) signs. In
case of possibility of more than one charge-conjugate counterparts, each with its
own sign, no +/− sign precedes c.c. The symbol |H → L〉 implies singly excited
configuration obtained by promoting one electron from HOMO to LUMO, with
respect to the closed-shell Hartree-Fock reference state. Similarly, one can de-
duce the meaning of other singly-excited configurations such as |H−1→ L+2〉
etc. The symbol |H → L;H−1→ L+1〉 denotes a doubly-excited configuration
obtained by exciting two electrons from the Hartree-Fock reference state, one
from HOMO to LUMO, the other one from HOMO-1 to LUMO+1. Nature of
other doubly-excited configurations can also be deduced, similarly.
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Table S3: Excited states contributing to TPAxxxx component of the two pho-
ton absorption spectrum of DQD-16, computed employing QCI and MRSDCI
approaches. The 21Ag state does not give rise to a peak in the TPA spectrum.
Peak State E (eV) Dominant Configurations
- 21Ag 3.68 |H → L;H → L〉(0.5109)
|H − 3→ L〉 − c.c.(0.4084)
I 31Ag 4.65 |H − 1→ L+ 2〉−c.c.(0.5294)
|H → L;H − 1→ L+ 1〉(0.2088)
II 51Ag 5.49 |H − 1→ L+ 4〉+c.c.(0.4732)
|H − 1→ L+ 1;H − 1→ L+ 1〉(0.2681)
III 81Ag 6.18 |H → L;H − 1→ L+ 1〉(0.5066)
|H → L;H − 5→ L〉+c.c.(0.2352)
IV 91Ag 6.44 |H − 2→ L+ 2;H → L〉(0.3801)
|H → L;H → L〉(0.2878)
|H → L;H − 1→ L+ 1〉(0.2773)
V 111Ag 6.84 |H → L;H − 2→ L+ 2〉(0.2734)
|H → L;H − 1→ L+ 1〉(0.2448)
|H − 2→ L;H − 2→ L〉+c.c.(0.2159)
V I 141Ag 7.27 |H → L;H − 2→ L+ 2〉(0.3199)
|H − 1→ L+ 7〉+c.c.(0.2022)
|H − 2→ L+ 1;H − 1→ L+ 2〉(0.1882)
|H → L;H − 1→ L+ 1〉(0.1827)
V II 151Ag 7.43 |H − 1→ L+ 7〉+c.c.(0.3022)
|H − 2→ L+ 1;H − 1→ L+ 2〉(0.2246)
|H → L;H − 1→ L+ 1〉(0.2121)
V III 241Ag 8.43 |H → L;H − 1→ L+ 1〉(0.2572)
|H → L+ 3;H − 3→ L〉(0.1979)
|H − 2→ L+ 1;H − 1→ L+ 2〉(0.1932)
|H → L;H − 4→ L+ 4〉(0.1767)
|H − 4→ L+ 2;H − 2→ L+ 4〉(0.1736)
IX 381Ag 9.35 |H − 2→ L+ 2;H − 2→ L+ 2〉(0.2020)
|H − 2→ L;H − 2→ L〉+c.c.(0.1916)
|H → L;H − 2→ L+ 2〉(0.1770)
|H − 2→ L+ 2;H − 5→ L〉−c.c.(0.1683)
X 401Ag 9.46 |H → L;H − 4→ L+ 4〉(0.2160)
|H → L+ 3;H − 3→ L〉(0.2057)
|H → L+ 3;H − 1→ L+ 4〉−c.c.(0.1580)
|H − 2→ L+ 3;H − 1→ L〉+c.c.(0.1544)
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Table S4: Excited states contributing to TPAyyyy component of the two pho-
ton absorption spectrum of DQD-16, computed employing QCI and MRSDCI
approaches.
Peak State E (eV) Dominant Configurations
I 41Ag 5.06 |H → L;H → L〉(0.4372)
|H − 2→ L+ 2;H → L〉(0.3465)
|H − 3→ L〉−c.c.(0.3275)
II 91Ag 6.44 |H − 2→ L+ 2;H → L〉(0.3801)
|H → L;H → L〉(0.2878)
|H → L;H − 1→ L+ 1〉(0.2773)
III 111Ag 6.84 |H → L;H − 2→ L+ 2〉(0.2734)
|H → L;H − 1→ L+ 1〉(0.2448)
|H − 2→ L;H − 2→ L〉+c.c.(0.2159)
IV 131Ag 6.98 |H − 1→ L;H − 1→ L〉+c.c.(0.3367)
|H → L;H − 1→ L+ 1〉(0.2960)
|H → L;H − 2→ L+ 2〉(0.2176)
Table S5: Excited states contributing to TPAxyxy component of the two pho-
ton absorption spectrum of DQD-16, computed employing QCI and MRSDCI
approaches.
Peak State E (eV) Dominant Configurations
I 101B1g 6.87 |H − 2→ L+ 5〉+c.c.(0.3527)
|H → L+ 7〉+c.c.(0.2039)
II 121B1g 7.22 |H − 4→ L+ 5〉−c.c.(0.2980)
|H → L;H − 6→ L〉+c.c.(0.2031)
III 131B1g 7.38 |H → L+ 3;H → L+ 2〉−c.c.(0.2672)
|H → L+ 2〉−c.c.(0.1797)
IV 271B1g 8.75 |H − 5→ L+ 4〉−c.c.(0.2345)
|H → L+ 2;H − 3→ L〉c.c.(0.1815)
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Table S6: Excited states contributing to TPAxxxx component of two photon
absorption spectrum of DQD-30, computed employing MRSDCI approach.
Peak State E (eV) Dominant Configurations
I 31Ag 3.32 |H − 1→ L+ 1;H → L〉(0.3786)
|H → L+ 3〉−c.c.(0.3669)
|H → L;H − 7→ L〉+c.c.(0.2233)
II 41Ag 3.76 |H − 1→ L+ 1;H → L〉(0.4052)
|H − 2→ L+ 1〉+c.c.(0.3708)
|H − 1→ L;H − 1→ L〉+c.c.(0.2293)
III 51Ag 4.06 |H − 4→ L;H → L〉−c.c.(0.3451)
|H → L;H → L〉(0.2952)
|H − 1→ L+ 1;H → L〉(0.2577)
IV 81Ag 4.51 |H − 10→ L〉−c.c.(0.3163)
|H → L;H → L+ 7〉+c.c.(0.2521)
V 101Ag 4.81 |H − 1→ L+ 1;H → L〉(0.3394)
|H → L;H → L+ 4〉−c.c.(0.2895)
V I 131Ag 5.11 |H − 2→ L+ 5〉+c.c.(0.2628)
|H − 6→ L+ 1〉+c.c.(0.2231)
V II 141Ag 5.33 |H − 4→ L;H → L+ 4〉(0.4188)
|H → L;H − 1→ L+ 9〉+c.c.(0.2556)
V III 161Ag 5.43 |H → L;H − 2→ L+ 2〉(0.3961)
|H − 2→ L+ 5〉+c.c.(0.2383)
IX 191Ag 5.71 |H → L;H − 2→ L+ 2〉(0.4582)
|H − 1→ L+ 1;H → L〉(0.1968)
X 221Ag 5.99 |H − 5→ L+ 1;H → L〉+c.c.(0.2582)
|H − 4→ L+ 3〉−c.c.(0.2561)
|H → L;H − 2→ L+ 2〉(0.2557)
XI 241Ag 6.11 |H − 1→ L+ 1;H → L+ 4〉+c.c.(0.3335)
|H − 1→ L+ 1;H − 1→ L+ 1〉(0.3331)
XII 281Ag 6.30 |H − 6→ L+ 5〉+c.c.(0.2660)
|H → L+ 2;H → L+ 6〉−c.c.(0.2158)
301Ag 6.31 |H → L;H − 2→ L+ 6〉+c.c.(0.2592)
|H → L;H − 5→ L+ 1〉+c.c.(0.1626)
XIII 321Ag 6.50 |H → L;H − 4→ L+ 4〉(0.2656)
|H − 1→ L+ 1;H − 1→ L+ 1〉(0.2007)
XIV 361Ag 6.64 |H → L;H − 2→ L+ 6〉+ c.c.(0.2281)
|H − 9→ L+ 2〉+ c.c.(0.2196)
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Table S7: Excited states contributing to TPAyyyy component of the two photon
absorption spectrum of DQD-30, computed employing MRSDCI approach.
Peak State E (eV) Dominant Configurations
I 21Ag 2.25 |H → L;H → L〉(0.6332)
|H → L+ 3〉−c.c.(0.2902)
II 31Ag 3.32 |H − 1→ L+ 1;H → L〉(0.3786)
|H → L+ 3〉−c.c.(0.3669)
|H → L;H − 7→ L〉+c.c.(0.2233)
III 41Ag 3.76 |H − 1→ L+ 1;H → L〉(0.4052)
|H − 2→ L+ 1〉+c.c.(0.3708)
|H − 1→ L;H − 1→ L〉+c.c.(0.2293)
IV 51Ag 4.06 |H − 4→ L;H → L〉−c.c.(0.3451)
|H → L;H → L〉(0.2952)
|H − 1→ L+ 1;H → L〉(0.2577)
V 61Ag 4.23 |H − 1→ L+ 2〉+c.c.(0.3315)
|H → L;H − 1→ L+ 1〉(0.2389)
|H → L+ 1;H → L+ 1〉+c.c.(0.2243)
V I 81Ag 4.51 |H − 10→ L〉−c.c.(0.3163)
|H → L;H → L+ 7〉+c.c.(0.2521)
V II 171Ag 5.62 |H − 1→ L+ 8〉+c.c.(0.2370)
|H − 4→ L+ 3〉−c.c.(0.1872)
|H − 5→ L;H − 1→ L〉−c.c.(0.1803)
V III 341Ag 6.63 |H − 1→ L+ 1;H → L〉(0.2317)
|H → L+ 3;H − 3→ L〉(0.2312)
|H → L;H − 6→ L+ 6〉(0.2246)
|H − 9→ L+ 2〉+c.c.(0.2012)
361Ag 6.64 |H → L;H − 2→ L+ 6〉+c.c.(0.2281)
|H − 9→ L+ 2〉+c.c.(0.2196)
|H → L+ 2;H → L+ 2〉+c.c.(0.2058)
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Table S8: Excited states contributing to TPAxyxy component of the two photon
absorption spectrum of DQD-30, computed employing MRSDCI approach.
Peak State E (eV) Dominant Configurations
I 51B1g 4.43 |H → L;H − 6→ L〉+c.c.(0.2754)
|H − 9→ L〉−c.c.(0.2634)
|H → L;H → L+ 2〉+c.c.(0.2380)
II 61B1g 4.58 |H → L;H → L+ 6〉+c.c.(0.3054)
|H → L;H → L+ 2〉+c.c.(0.2953)
|H − 3→ L+ 2〉+c.c.(0.1985)
III 91B1g 4.86 |H − 3→ L+ 2〉+c.c.(0.3156)
|H − 1→ L+ 4〉−c.c.(0.2421)
|H → L+ 1〉−c.c.(0.2372)
IV 121B1g 5.21 |H − 9→ L〉−c.c.(0.3308)
|H − 1→ L;H − 2→ L+ 1〉−c.c.(0.1894)
V 341B1g 6.65 |H → L+ 1;H − 6→ L+ 1〉+c.c.(0.2532)
|H − 1→ L;H − 6→ L+ 1〉c.c.(0.1818)
|H − 1→ L+ 7〉+c.c.(0.1718)
|H − 5→ L+ 7〉+c.c.(0.1564)
4. Computed energies and wave functions of the excited states con-
tributing to the photoinduced absorption spectra
In this section, the dominant wave-function and energies of the different
excited states contributing to the photoinduced absorption spectra for DQD-
16, DQD-30 and DQD-48 are listed in tables S9, S10 and S11. These tables
represent the positions of the peaks from the 1B2u state and the dominant
wave-functions of the excited states contributing to these peaks. The abbrevi-
ation “c.c.” represents coefficient of charge conjugate of a given singly excited
configuration while the sign (+/−) preceding “c.c.” implies that the two co-
efficients have (same/opposite) signs. In case of possibility of more than one
charge-conjugate counterparts, each with its own sign, no +/− sign precedes
c.c.
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Table S9: Excited states contributing to the 1B2u photoinduced absorption
spectrum of DQD-16.
Peak State E (eV) Dominant Configurations
- 21Ag
Ix 1
1B1g 3.78 |H → L+ 2〉−c.c.(0.5495)
|H → L+ 2;H − 3→ L〉c.c.(0.1573)
IIx 2
1B1g 3.95 |H → L+ 4〉+c.c.(0.4862)
|H → L+ 1;H → L〉−c.c.(0.2527)
IIIx&y 4
1Ag 5.06 |H → L;H → L〉(0.4372)
|H − 2→ L+ 2;H → L〉(0.3465)
41B1g 5.07 |H − 1→ L+ 3〉−c.c.(0.5071)
|H − 1→ L;H → L〉−c.c.(0.2065)
IVy 5
1Ag 5.49 |H − 1→ L+ 4〉+c.c.(0.4732)
|H − 1→ L+ 1;H − 1→ L+ 1〉(0.2681)
Vx 6
1B1g 5.84 |H − 1→ L;H → L〉−c.c.(0.3211)
|H → L+ 3;H → L+ 2〉−c.c.(0.2153)
|H − 4→ L〉+c.c.(0.1931)
V Iy 8
1Ag 6.18 |H → L+ 1;H − 1→ L〉(0.5066)
|H − 5→ L;H → L〉+c.c.(0.2352)
V IIy 9
1Ag 6.44 |H − 2→ L+ 2;H → L〉(0.3801)
|H → L;H → L〉(0.2878)
V IIIx 10
1B1g 6.87 |H − 2→ L+ 5〉+c.c.(0.3527)
|H → L+ 7〉+c.c.(0.2039)
|H − 5→ L+ 1;H → L〉c.c.(0.1953)
IXy 13
1Ag 6.98 |H − 1→ L;H − 1→ L〉+c.c.(0.3367)
|H → L;H − 1→ L+ 1〉(0.2960)
|H → L;H − 2→ L+ 2〉(0.2176)
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Peak State E (eV) Dominant Configurations
Xx 13
1B1g 7.38 |H → L+ 3;H → L+ 2〉−c.c.(0.2672)
|H → L+ 2〉−c.c.(0.1797)
|H → L+ 3;H − 2→ L〉c.c.(0.1546)
XIx 16
1B1g 7.79 |H → L+ 1;H − 1→ L+ 1〉−c.c.(0.2406)
|H − 4→ L+ 1;H → L+ 2〉c.c.(0.2209)
|H − 2→ L+ 1;H − 4→ L〉−c.c.(0.1581)
XIIx 17
1B1g 8.02 |H − 1→ L;H − 1→ L+ 1〉−c.c.(0.2721)
|H − 1→ L+ 2;H − 2→ L〉c.c.(0.2037)
|H → L+ 2;H − 3→ L〉c.c.(0.1693)
XIIIy 24
1Ag 8.43 |H − 1→ L;H → L+ 1〉(0.2572)
|H − 3→ L;H → L+ 3〉(0.1979)
|H − 2→ L+ 1;H − 1→ L+ 2〉(0.1932)
XIVx&y 32
1Ag 8.97 |H − 1→ L+ 1;H − 3→ L+ 3〉(0.1826)
|H → L+ 1;H − 3→ L+ 4〉−c.c.(0.1608)
|H − 1→ L+ 4;H − 3→ L〉−c.c.(0.1540)
301B1g 8.97 |H − 2→ L+ 1;H − 4→ L〉−c.c.(0.2226)
|H − 2→ L;H → L+ 3〉c.c.(0.1738)
|H − 4→ L+ 5〉−c.c.(0.1180)
Peak State E (eV) Dominant Configurations
XVy 33
1Ag 9.04 |H − 3→ L+ 4;H → L+ 1〉−c.c.(0.2192)
|H − 5→ L;H → L〉+c.c.(0.1885)
XV Ix&y 38
1Ag 9.35 |H − 2→ L+ 2;H − 2→ L+ 2〉(0.2020)
|H − 2→ L;H − 2→ L〉+c.c.(0.1916)
|H − 2→ L+ 2;H → L〉(0.1770)
371B1g 9.38 |H → L+ 2;H → L+ 2;H − 2→ L〉−c.c.(0.2102)
|H − 2→ L+ 5〉+c.c.(0.1817)
|H → L;H → L;H − 5→ L+ 2〉+c.c.(0.1402)
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Table S10: Excited states contributing to the 1B2u photoinduced absorption
spectrum of DQD-30.
Peak State E (eV) Dominant Configurations
Iy 3
1Ag 3.32 |H − 1→ L+ 1;H → L〉(0.3786)
|H → L+ 3〉−c.c.(0.3669)
IIy 4
1Ag 3.76 |H − 1→ L+ 1;H → L〉(0.4052)
|H − 2→ L+ 1〉+c.c.(0.3708)
IIIy 5
1Ag 4.06 |H − 4→ L;H → L〉−c.c.(0.3451)
|H → L;H → L〉(0.2952)
IVy 8
1Ag 4.51 |H − 10→ L〉−c.c.(0.3163)
|H → L+ 7;H → L〉+c.c.(0.2521)
|H → L+ 3;H − 3→ L〉(0.2076)
Vy 10
1Ag 4.81 |H − 1→ L+ 1;H → L〉(0.3394)
|H → L+ 4;H → L〉−c.c.(0.2895)
V Ix 12
1B1g 5.21 |H − 9→ L〉−c.c.(0.3308)
|H − 1→ L;H − 2→ L+ 1〉c.c.(0.1894)
|H − 11→ L〉+c.c.(0.1533)
Peak State E (eV) Dominant Configurations
V IIx 14
1B1g 5.46 |H → L+ 11〉+c.c.(0.2115)
|H − 1→ L;H − 2→ L+ 1〉c.c.(0.2016)
|H − 1→ L+ 7〉+c.c.(0.1887)
V IIIx&y 17
1B1g 5.70 |H − 1→ L;H → L+ 1;H → L+ 1〉−c.c.(0.2382)
|H − 3→ L+ 2〉+c.c.(0.2271)
|H − 1→ L;H − 3→ L〉−c.c.(0.2072)
191Ag 5.71 |H → L;H − 2→ L+ 2〉(0.4582)
|H − 1→ L+ 1;H → L〉(0.1968)
IXy 28
1Ag 6.30 |H − 6→ L+ 5〉+c.c.(0.2660)
|H → L+ 2;H → L+ 6〉−c.c.(0.2158)
|H − 4→ L;H → L+ 4〉(0.1843)
Xx&y 34
1B1g 6.65 |H → L+ 1;H − 6→ L+ 1〉+c.c.(0.2532)
|H − 1→ L;H − 6→ L+ 1〉c.c.(0.1818)
|H − 1→ L+ 7〉+c.c.(0.1718)
341Ag 6.63 |H − 1→ L+ 1;H → L〉(0.2317)
|H → L+ 3;H − 3→ L〉(0.2312)
|H → L;H − 6→ L+ 6〉(0.2246)
|H − 9→ L+ 2〉+c.c.(0.2012)
361Ag 6.64 |H → L;H − 2→ L+ 6〉+c.c.(0.2281)
|H − 9→ L+ 2〉+c.c.(0.2196)
|H → L+ 2;H → L+ 2〉+c.c.(0.2058)
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Table S11: Excited states contributing to the 1B2u photoinduced absorption
spectrum of DQD-48.
Peak State E (eV) Dominant Configurations
Iy 4
1Ag 2.60 |H − 1→ L+ 1〉(0.4402)
|H → L+ 1;L→ L+ 1〉+c.c.(0.3217)
IIy 5
1Ag 2.99 |H → L+ 2〉−c.c.(0.3116)
|L→ L+ 4〉−c.c.(0.3050)
IIIy 7
1Ag 3.29 |H − 1→ H;H − 1→ L+ 1;L→ L+ 1〉(0.3717)
|H → L+ 2〉−c.c.(0.3177)
IVy 8
1Ag 3.44 |H − 3→ H;L→ L+ 1〉−c.c.(0.3341)
|H − 2→ L+ 2〉(0.2758)
Vy 11
1Ag 3.64 |H − 2→ L+ 2〉(0.2575)
|H − 12→ H〉+c.c.(0.2432)
V Iy 14
1Ag 3.95 |H − 5→ H;L→ L+ 1〉−c.c.(0.2566)
|H − 1→ H;H − 1→ L+ 1;L→ L+ 1〉(0.2385)
V IIy 16
1Ag 4.19 |H → L+ 8〉−c.c.(0.3148)
|H − 5→ H;L→ L+ 1〉−c.c.(0.2625)
V IIIy 22
1Ag 4.58 |H − 1→ H;H − 1→ L+ 1;L→ L+ 1〉(0.2463)
|H − 1→ L+ 10〉−c.c.(0.2103)
IXy 27
1Ag 4.85 |H − 1→ L+ 1〉(0.3106)
|H − 10→ L+ 1〉−c.c.(0.2118)
Xx&y 30
1B1g 4.98 |H − 1→ H;H − 8→ L〉−c.c.(0.2416)
|H → L+ 1;H − 2→ L+ 2〉c.c.(0.1882)
321Ag 4.98 |H − 7→ L+ 7〉(0.4544)
|H − 13→ L+ 2〉−c.c.(0.3240)
XIy 37
1Ag 5.19 |H − 3→ L+ 3〉(0.2206)
|H → L+ 1;L→ L+ 7〉−c.c.(0.2085)
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